In mental rotation tasks, reaction time increases linearly with increasing angular
Introduction
The concept of mental rotation was introduced by Shepard and Metzler in 1971 . In their groundbreaking study, participants had to decide whether two three-dimensional block stimuli rotated in space were the same or were mirror-reflected. Their results showed that response time increased linearly with increasing angular disparity between the two objects. Shepard and Metzler (1971) concluded that participants solved the task by mentally rotating one of the objects. Numerous further studies employed the Shepard and Metzler paradigm using two-and three-dimensional stimuli (e.g. Cooper & Shepard, 1973; Shepard & Metzler, 1988) and covered developmental (e.g. Marmor, 1975) , neurophysiological (e.g. Barnes et al., 2000) and differential issues (e.g. sex differences : Voyer, Voyer, & Bryden, 1995) .
Many studies showed that mental rotation can be trained by extensive repetition of mental rotations: Reaction time decreases with training (e.g. Kail & Park, 1990; Kaushall & Parsons, 1981) . However, there is evidence indicating that the mental rotation process itself is not improved by mental rotation training (Heil et al., 1998; Tarr & Pinker, 1989) . The main goal of the study presented here was to investigate effects of a virtual manual rotation training on mental rotation.
In a mental rotation trainings study, Tarr and Pinker (1989) showed that the overall reaction time as well as the slope of the linear function between reaction time and angular disparity decreased with extensive training. Their results, however, also demonstrated that it cannot be inferred from the decrease of the slope that the process of mental rotation is executed faster after training since the effect of orientation nearly disappeared and training had no effect on practiced objects presented in new, unlearned orientations. The results of Tarr and Pinker indicated that mental rotation was replaced by the retrieval of stored memory representations. Similar results were found by Heil et al. (1998) . Their participants executed three test sessions of mental rotation. Before the second session, the practice group participated in four training sessions of mental rotation. Reaction times decreased from one training session to the next.
The practice group benefited from the training for learned objects, but only when these objects were presented in exactly the same orientation as during training. Furthermore, reaction times
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for new objects in learned orientations did not decrease. Thus, the effect of mental rotation training seems to be highly stimulus and perspective specific. The data therefore suggest that the mental rotation process is not executed more rapidly after training but replaced by memory retrieval.
Overall, practising mental rotation does have a training effect, even if this effect does not seem to be due to a faster execution of the mental rotation process. However, it cannot be inferred, that the mental rotation process itself is not trainable. Manual rotation might be the appropriate task to train mental rotation since mental rotation is assumed to be a covert motor rotation (Wexler et al., 1998) and shares the same processes with manual rotation (Wohlschlaeger & Wohlschlaeger, 1998) . In the study of Wexler et al., participants had to rotate a joystick while executing a mental rotation task. The reaction times for mental rotation trials which were incompatible with the manual rotation (mental rotation clockwise while manual rotation counter clockwise and vice versa) were slower than for compatible rotations.
Furthermore, in the compatible condition, a change in the speed of the manual rotation resulted in an analogous shift in the time taken to complete the mental rotation.
A close relationship between mental and manual rotation has also been shown in a similar study by Wohlschlaeger and Wohlschlaeger (1998) . Participants had to match a block figure to one of two comparison figures. While one group of participants mentally rotated the stimuli, the other group rotated the stimuli manually by using a knob. Reaction time of mental as well as manual rotation increased with increasing angular disparity between the two stimuli and both mental and manual rotation were influenced by the axis of rotation in the same manner. In a second experiment, in which the influence of various hand movements on mental rotation was assessed, an effect of hand rotation was only found when the axis of rotation was the same for hand movement and mental rotation: The mental rotation speed was slowed down when the directions of the motor and mental rotation were incompatible. No influence was found when a translational hand movement was demanded while rotating the stimuli mentally.
Further evidence that mental and manual rotation share the same processes stems from neuroimaging studies in which participants had to mentally rotate body parts: Motor and premotor areas which are involved in the execution of movements are also activated during mental rotation (e.g. Kosslyn, DiGirolamo, Thompson, & Alpert, 1998; Wraga, Thompson, Alpert, & Kosslyn, 2003) . These findings are supported by neurophysiological studies with monkeys (Hietanen & Perrett, 1996) and humans (Barnes et al., 2000) .
Thus, the close relation between mental and manual rotation and the fact that the process of the rotation is visualised in a manual task lead to the assumption that manual rotation training should improve the performance of mental rotation. Furthermore, manual training might improve the rotation process itself and therefore not rely on the retrieval of memory representations and consequently not be object specific.
A first attempt to improve mental rotation ability by manual training was made by Rizzo and colleagues (Larson et al., 1999; Parsons et al., 2004; Rizzo et al., 2001) . In their manual training of spatial rotation in a virtual reality, participants had to rotate a block figure into the orientation of the target figure and superimpose it on the target figure. The stimuli were presented on a large-screen stereoscopic display and could be rotated both in depth and picture plane by manually rotating a sphere shaped 'cyberprop'. Mental rotation ability was assessed by using the Mental Rotation Test (MRT, Vandenberg & Kuse, 1978) , a paper and pencil test. The overall improvement in the MRT did not differ between the training group and a control group which received a non spatial filler task. Only a post hoc analysis showed that poor mental rotators scored higher on the MRT following training. Ceiling effects might have prevented the finding of a training effect for good mental rotators. However, we suppose that the lack of an overall training effect is due to the various differences between training and test, such as the change from a three-dimensional virtual reality setup to a paper and pencil test with line drawings or the change from one to four comparison figures. Furthermore, the conclusions that can be drawn from the MRT are limited: Firstly, due to the time limit imposed, the test score does not differentiate between errors and response time. Secondly, the angular disparity between the standard figure and the comparison figures is not varied in a systematic way and thus does not allow for a computation of the mental rotation function.
In order to illustrate an effect of manual training on mental rotation ability, the mental rotation test used should be as similar to the training as possible. To investigate the basis of potential training effects, a mental rotation test which assesses the mental rotation performance in more detail-namely the assessment of reaction times and errors depending on the amount of angular disparity-and which differentiates between trained and untrained objects is necessary. Therefore, a computer based mental rotation test, which fulfils the requirements described above, and a manual rotation training were constructed. Before investigating the effect of the manual training on mental rotation ability (Experiment 2), the virtual mental rotation test was validated in Experiment 1. We exclusively used stimuli which were rotated in picture plane since Shepard and Metzler (1971) could show that both types of rotations (picture plane and depth rotations) produced the similar linear relationship between angular disparity and reaction times.
Experiment 1
The purpose of the first experiment was to validate our virtual mental rotation test (VMRT). Concurrent validity was tested by correlating the VMRT with the MRT (Vandenberg & Kuse, 1978) which is a well recognized test instrument to measure mental rotation ability.
Furthermore we expected to find the linearly increasing function between reaction time and angular disparity usually found in mental rotation.
Method
Participants 107 subjects participated in the experiment, 55 of whom were female. Their age ranged from 17 to 36 years (M = 22.2). 83 participants were university students (46 of whom studied psychology) and the remaining 24 were pupils or employees. The vision of all subjects was corrected to 20/20. Five participants were dismissed due to an overall error rate above 40% in the VMRT. This resulted in a total of 102 participants (half of whom were female).
Materials

Mental Rotation Test (MRT).
The MRT (redrawn version of Peters, Laeng, Latham, & Jackson, 1995; Vandenberg & Kuse, 1978) , a paper and pencil test of mental rotation ability, was used. In this test, the participants' task is to decide which two of four given line drawings The VMRT was presented on a 17-inches monitor using the software 3D GameStudio A6. The software allowed for measuring reaction times in milliseconds. The input device was a two-button mouse.
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Procedure
The experimental sessions lasted for approximately 35 minutes and took place in a laboratory of the Heinrich-Heine-University, Duesseldorf. Participants were tested in pairs and were paid for their participation. They were first given the MRT. After a five minute break they were tested with the VMRT. The participants were familiarised with the stimuli and their task in 24 practice trials. In this familiarisation phase, they received a 'correct'/'false' feedback for each trial. None of the block figures used here was presented in the following experimental phase. The 192 trials of the experimental phase were divided into 4 blocks; blocks were separated by a break. Each trial started with the presentation of the fixation square followed by the two block stimuli prompting participants to answer by pressing either the left mouse button ('same') or the right button ('different').
Dependent variables and statistical analysis
MRT. The overall score on the MRT was computed for each participant. In the MRT, one point is given if both choices on one item are correct. Thus the maximum score is 24.
VMRT. There were two dependent variables: reaction time (RT) and errors. For each participant, the average RT in milliseconds was computed only for correct answers in 'same' trials (see Shepard & Metzler, 1971) . In doing so, the RTs were clustered in four angular disparities: 22.5° (22.5° and 337.5°), 67.5° (67.5° and 292.5°), 112.5° (112.5° and 247.5°), and 157.5° (157.5° and 202.5°). Within each cluster and separately for each participant, RTs shorter than 500 ms and longer than two standard deviations above the mean were discarded.
The number of errors (for both 'same' and 'different' trials) was computed overall as well as separately for each of the four clusters.
Angular disparity was defined as a within-subject factor 1 . Furthermore, regression lines (least squares lines) between angular disparity and RTs were computed separately for each participant. The fit of the regression lines (R 2 ), the slopes, and the intercepts were averaged across participants.
Correlation between MRT and VMRT. Bivariate correlations of the MRT score with mean RT in the VMRT, the number of errors in the VMRT, as well as the slope and the axis intercept of the regression lines in the VMRT were computed.
Results and Discussion
MRT. Mean overall score of the MRT averaged across participants was M = 12.51 (SD = 4.9).
VMRT (RT)
. Angular disparity had a significant effect on RT, F(3, 303)= 284.5, p < .001. Repeated contrasts revealed significant differences between all angular disparities with longer RTs for higher angular disparities (see Figure 2 ).
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The averaged R 2 of the regression lines was .91. The slope averaged across participants was 11.91 ms/degree (which correspondents to a mental rotation speed of 83.96 degree/s), the axis intercept was 1519.66 ms.
VMRT (errors).
The overall error rate was 11.84%. The angular disparity had a significant influence on the mean number of errors, F(3, 303) = 94.6, p < .001. Repeated contrasts revealed significant differences between all angular disparities with increasing number of errors for higher angular disparities (see Figure 2 ).
Correlation between MRT and VMRT. The MRT score correlated significantly with the RT of the VMRT (r = -.43; p < .001) and with the mean number of errors of the VMRT (r = -.36; p < .001). The higher the participants scored on the MRT the faster they answered and the less errors they made in the VMRT. Concerning the regression lines, the correlation between the MRT score and the slope marginally failed to reach significance (r = -.19; p = .051), while the correlation between the MRT score and the axis intercept was statistically significant (r = -.39; p < .001).
In summary, the results of the VMRT show a nearly perfect linearly increasing function between RT and the angular disparity. This is in line with the existing literature including the classic study of Shepard and Metzler (1971) and illustrates that participants use mental rotation
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to perform the task. Furthermore, participants' performance in the VMRT correlated significantly with the performance in the MRT. The higher participants scored in the MRT, the faster they were in the VMRT and the less errors they made. Analysing the reaction time in more detail by computing regression lines revealed that the MRT score correlated significantly with the axis intercept. While the slope is often associated with the mental rotation process itself, the intercept data seems to be based on other processes like stimulus encoding and comparison (e.g. Cooper & Shepard, 1973; Kail, Pellegrino, & Carter, 1980 
Experiment 2
In Experiment 2 2 , the effect of manual rotation training in a virtual reality on the mental rotation ability was studied. It was assumed that manual training would improve the mental rotation ability and it was examined whether this effect would be limited to previously learned stimuli. Furthermore, we assumed that participants with poor mental rotation ability would profit from manual training to a greater extent than good mental rotators (see Rizzo et al., 2001; Saccuzzo, Craig, Johnson, & Larson, 1996) .
Method
Participants 67 subjects participated in Experiment 2 (33 were female), none of whom had participated in Experiment 1. Their age ranged from 19 to 45 years (M = 25.19). 61 participants were university students (25 of whom studied psychology) and the remaining 6
were employees. The vision of all subjects was corrected to 20/20. Three participants were dismissed due to an overall error rate in the VMRT of above 40%. This resulted in 64 participants in total (half of whom were female).
Materials and Design
The experiment was presented on a 17-inches monitor using the software 3D GameStudio A6. The software measured reaction times in milliseconds. Input device was a two-button mouse and a Microsoft sidewinder precision joystick. In this experiment, the input device for rotating the comparison figure was a joystick.
Virtual mental rotation test (VMRT
The joystick was embedded in a paperboard-box to allow for grasping the joystick as one would do when rotating a real block figure in the picture plane (see Figure 3) . When the joystick was turned right/left, the block figure in the virtual environment rotated in the corresponding direction.
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Filler task for the non-training group. The computer-quiz "Who wants to be a millionaire?" (German version) was used as a non spatial filler task for participants in the nontraining group. In this quiz, a virtual quizmaster asks the participant questions whereupon the player has to choose the correct answer out of four possibilities. The degree of difficulty increases from one question to the next. To ensure that participants took the task seriously and made an effort, they were told that the task was designed to test their general knowledge.
Procedure
The experimental sessions lasted for about 60 minutes and took place in a laboratory of the Heinrich-Heine-University, Duesseldorf. Participants were tested in pairs and paid for their participation. The participants of each pair were randomly assigned to the experimental and the control group. This resulted in a total of 32 participants per group (half of whom were females). The VMRT pre-test started with a familiarisation phase (see Experiment 1) followed by the 96 experimental trials. Afterwards, the experimental group had to complete the virtual manual rotation training while the control group completed the computer-quiz for the same amount of time. The experimental group was shown how to handle the joystick and was instructed to rotate the comparison block figure into the spatial position of the standard figure and then to press the 'fire button' of the joystick. If the spatial position of the standard and the comparison figure differed by more than 15 degrees to the right or to the left, the trial was registered as an error and the word 'false' was presented in red letters. After the manual training and the computer-quiz, respectively, all participants had to perform the VMRT posttest.
Dependent variables and statistical analysis
Dependent variables were reaction time (RT) and errors. For each participant, the average RT in milliseconds was computed only for correct answers in 'same' trials (see Shepard & Metzler, 1971) . RTs were clustered according to the four angular disparities: 22.5°, than 500 ms and longer than two standard deviations above the mean were defined as outliers and therefore discarded. The number of errors (for both 'same' and 'different' trials) was computed overall as well as separately for each of the four clusters.
Baseline mental rotation ability. The VMRT pre-test data was analysed to assess baseline mental rotation ability. Angular disparity was defined as a within-subject factor 3 for RT and errors. Furthermore, regression lines (least squares lines) between angular disparities and RTs were computed separately for each participant. The fit of the regression lines (R 2 ), the slopes, and the intercepts were averaged across participants.
Training effects. Differences in RT and errors were computed between pre-test and post-test for each angular disparity (Note: to account for the different number of trials only half of the errors in the post-test were subtracted from the errors in the pre-test). The difference scores of the experimental and control group were compared in order to study training effects.
To achieve a more detailed analysis of the training effect, two additional independent variables were included in the analysis, namely the factor object and the factor mental rotation ability.
To study object specificity, it was differentiated between trials with block figures that were trained in the manual rotation training ('old' objects) and trials with untrained block figures ('new' objects). To compare the training effect between participants with good and poor mental rotation abilities, both the experimental and the control group were divided by median split half according to their pre-test performance into good and poor mental rotators.
Angular disparity (22.5°, 67.5°, 112.5°, 157.5°) and object (old vs. new) were defined as within-subject factors, whereas group (experimental vs. control group) and mental rotation ability (good vs. poor) were defined as between-subject factors.
Furthermore, regression lines (least square lines) between angular disparities and RTs for both pre-and post-test were computed for each participant. To analyse training effects, regression lines were averaged across participants depending on the experimental group. Slope and intercept in the pre-and post-test served as dependent variables and group was defined as between-subject factor. To analyse object specificity, regression lines of the post-test were averaged across participants depending on the group and object. The slope and intercept were compared between experimental and control group separately for 'old' and 'new' objects. To analyse training effects of good and poor mental rotators, regression lines of the post-test were averaged across participants depending on the group and mental rotation ability. The slope and intercept were compared between experimental and control group separately for poor and good mental rotators.
Manual rotation behaviour. As in the VMRT, rotation time in the manual rotation
training was recorded and the correct trials were analysed separately for each of the four angular disparities. A trial was correct if the spatial position of the standard and the comparison figure differed by less than 15 degrees to the right or to the left. Within each angular disparity and separately for each participant, rotation times longer than two standard deviations above the mean were defined as outliers and therefore discarded. Angular disparity (22.5°, 67.5°, 112.5°, 157.5°) was defined as a within-subject factor for rotation times. Furthermore, regression lines (least square lines) between angular disparities and rotation times were computed separately for each participant. The fit of the regression lines (R 2 ), the slopes, and the intercepts were averaged across participants. Additionally, the mean overall error rate was recorded.
Relation of mental and manual rotation. For the experimental group, the correlation between RT in the VMRT pre-test and rotation time in the manual rotation training were computed. Also the slopes and intercepts between the VMRT pre-test and the manual rotation training were correlated.
Results and discussion
Baseline mental rotation ability. The angular disparity had a significant effect on RT in the VMRT pre-test, F(3, 189) = 146.94, p < .001. Repeated contrasts revealed a significant difference between all four angular disparities with higher RTs for higher angular disparities.
The averaged R 2 of the computed regression lines was .86. The slope averaged across participants was 11.95 ms/degree (83.68 degree/s), the axis intercept was 1435.96 ms.
The overall error rate was 12.4%. Angular disparity had a significant effect on the number of errors, F(3, 189) = 54.2, p < .001. Repeated contrasts revealed significant differences between all four angular disparities with increasing number of errors for increasing angular disparities.
Training effects (RT).
The RT difference scores differed significantly between the experimental and the control group, F(1, 60) = 11.88, p < .05. As can be seen in Figure 4 , the RT difference score of the experimental group was much larger than that of the control group.
The estimated size of the training effect for the mean difference score was d = 0.66, which corresponds to a medium to large effect (according to Cohen, 1977) . There was no effect of angular disparity on the RT difference score, F(3, 180) = 2.98, p = .06.
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The RT difference score differed significantly between 'old' and 'new' objects, F(1, 60) = 19.57, p < .001. A significant interaction between object and group was found, F(1, 60) = 14.01, p < .001. Whereas the RT difference score for 'new' objects did not differ between both groups, this was the case for 'old' objects (see Table 1 Table 1 ), F(1, 60) = 7.17, p < .05. There was no interaction between mental rotation ability and group, F(1, 60) = 2.67, p = .108. The estimated effect sizes revealed a large training effect (according to Cohen, 1977) Table 2 for the post-test data).
Concerning old objects, the regression lines in the post-test neither differed in intercept (F(1, 62) = 2.3, p = .13) nor in slope (F(1, 62) = 3.0, p = .09) between the two groups (see Table 2 ). The same pattern of results was found for new objects (F(1, 62) = 0.6, p = .44 for intercept, F(1, 62) = 1.5, p = .23 for slope).
The regression lines of the poor and good mental rotators did not differ significantly between the experimental and control group (see Table 2 ). This was true for axis intercept 
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Training effects (errors). The difference scores for errors depending on the four angular disparities and the group are shown in Table 3 . Difference scores for errors did not differ between the two groups, F(1, 60) = 1.34, p = .25. Angular disparity had a significant influence on the difference scores for errors, F(3, 180) = 2.97, p < .05, whereas repeated contrasts did not reveal any significant differences. There were no other significant effects or interactions on error difference scores.
Please insert Table 3 about here
Manual rotation behaviour. Angular disparity had a significant effect on rotation time in the manual training, F(3, 93) = 838.4, p < .001. Repeated contrasts revealed significant differences between all consecutive angular disparities. Rotation time increased linearly with increasing angular disparity between the two objects, the averaged R 2 for regression lines was .97. The slope averaged across participants was 23.0 ms/degree (43.48 degree/s), the axis intercept was 1937.64 ms. The overall error rate in the virtual manual rotation training was 1.24%.
Relation of mental and manual rotation. The correlation between RT for the mental rotation (VMRT pre-test) and the rotation time of the manual rotation was statistically significant, r = .37 (p < .05). The faster participants were in the VMRT pre-test the faster they were in the manual rotation. Furthermore, there was a significant correlation between the slope of the VMRT pre-test and the slope of the manual rotation (r = .44, p < .05), as well as between the intercepts (r = .36, p < .05).
To summarise, in the pre-test of the VMRT a nearly perfect linearly increasing function between RT and the angular disparity was found, which illustrates that participants use mental rotation to perform the task. The same function between rotation time and the angular disparity was found in the manual training as well. The comparison of the RT difference scores between experimental and control group revealed an effect of the manual training. Poor as well as good mental rotators profited from the manual training to a great extent. However, the RT difference scores differed only for 'old' objects between the experimental and the control group which suggests that the training effect is limited to objects learned in the training. Furthermore, a close relation between mental and manual rotation was found.
General Discussion
The main purpose of these experiments was to study the effect of manual training in a virtual reality environment on mental rotation ability. The results of Experiment 1 showed that the virtual mental rotation test (VMRT) we constructed is a valid test instrument: A linear increase of the reaction time depending on the angular disparity between the two virtual objects illustrates the mental rotation process, and dependent variables-that is reaction time and errors-highly correlated with the score of the MRT (Vandenberg & Kuse, 1978) . The same linear relation between reaction time and angular disparity was found in a parallel version of the VMRT which served as pre-test in Experiment 2. Furthermore, the number of errors increased for higher angular disparities, in both Experiment 1 and 2 (see e.g Cooper, 1975; Voyer, 1995; Wraga et al., 2003) .
Experiment 2 revealed that the manual training we constructed does indeed improve the mental rotation ability measured by the VMRT. The difference scores of reaction times between pre-and post-test were larger for the experimental than for the control group.
However, the manual training did not reduce the number of errors which is in line with studies that did not find an effect of mental rotation training on error rates (see e.g. Leone, Taine, & Droulez, 1993) . As the difference score of errors was not higher for the training group than for the control group we can exclude the possibility that the training effect on reaction time is due to a speed-accuracy trade-off. A differential analysis of the training effect revealed that both poor as well as good mental rotators profited in about the same manner from the manual training. This is in contrast to a study of Saccuzzo et al. (1996) in which less proficient mental rotators (here women) improved to a greater degree than better ones (here men) by practising mental rotation. This large improvement was found only when practice effects were examined on a computerised mental rotation task and not on a paper and pencil rotation task.
To investigate the basis of the training effect, a more detailed analysis of reaction times was performed. The differentiation between trained and untrained objects revealed only a training effect for objects presented in the manual training. Thus the training effect of manual training seems to be object specific similar to the effect of mental rotation training (Heil et al., 1998; Tarr & Pinker, 1989) , which indicates that effects of manual training on mental rotation might also be memory based. It remains to be investigated, however, what is stored and later retrieved from memory: The finding that the linear relation between reaction time and angular disparity almost vanishes with extensive mental rotation training (e.g. Tarr & Pinker, 1989) and the orientation specificity of the training effect (Heil et al., 1998) suggest that possibly the exact stimulus configurations presented are stored in memory. This would increase the probability of direct memory access and make the mental rotation process unnecessary to solve the task. In manual training, however, the presented stimuli are indeed rotated and therefore experienced in various orientations. This should result in the storage of an orientation free object representation which would make the process of mental rotation unnecessary to solve the task. In Experiment 2 an object specific training effect was observed, but a typical mental rotation function was still found and the comparison of regression lines for old objects between the training and control group did not reveal a statistical significant difference of the slope.
Therefore, we can conclude that the training did not result in an orientation-free representation of trained objects, which is sufficient to replace the mental rotation process by direct memory access in the following mental rotation test. Thus, it cannot be inferred from the object specificity of the training effect that mental rotation is replaced by memory retrieval. As participants still have to mentally rotate to solve the task, it seems likely that all processes executed during a mental rotation task benefit from the memory representation and the resulting familiarity of trained objects. Cooper and Shepard (1973) Still, there is an alternative explanation for the object specificity of the training effect.
As can be seen in Figure 5 , the difference scores of the reaction times for the control group differed between 'old' and 'new' objects, which is astonishing as participants were not given any training and consequently all objects were new. This implies that the objects used in the training were somehow more difficult than the untrained objects. This is confirmed by a posthoc analysis of Experiment 1: Reaction times for objects labelled as 'old' in Experiment 2 were longer than for 'new' objects (t(101) = 9.02, p < .001). This difference in difficulty is coincidental as all objects were randomly assigned to the two groups. It is, however, not problematic for the analysis of the training effect per se as a training effect is defined as the difference between the difference-scores of the experimental and the control group. The lack of a training effect for 'new' objects could, however, be based on the fact that these stimuli were less complex as Bethell-Fox and found that rotation time after mental rotation training was still dependent on angular disparity but not on stimulus complexity. For complex stimuli in particular, reaction time decreased after training. Bethell-Fox and Shepard suggested that complex stimuli could not be transformed in a holistic way. In the course of the training, however, participants learned to rotate complex stimuli holistically and thus complexity had no effect on reaction times in the post-test. In the study presented here, objects labelled as 'old' seemed to be more complex than 'new' objects. The manual training could induce a holistic strategy due to the visualisation and practice of the rotation process in which the block figures are rotated as a whole. The experimental group therefore might have profited from the training for 'old' objects in particular, while the control group still rotated those stimuli in the post-test piece-by-piece. The lack of a training effect for 'new' objects could be based on the fact that these less complex stimuli were transformed holistically even by the control group. Note that this alternative explanation is not contradictory to the explanations above. Firstly, switching from a piece-by-piece to a holistic strategy is just one possible way of improving the mental rotation process. Secondly, it is likely that the increased familiarity of trained objects-and therefore memory processes-facilitate the acquisition of a holistic strategy.
It seems that mental rotation is a complex multilayer process which has to be further investigated. One possibility would be to analyse the data of the manual rotation in more detail than was done in this experiment. We could, however, show a linear increase of reaction time with increasing angular disparity in the manual rotation task as is usually found in mental rotation. Furthermore, there was a significant correlation between mental and manual rotation:
the faster participants were in mental rotation the faster they were in the manual rotation task.
The computation of regression lines showed that the slope as well as the axis intercept correlated significantly between mental and manual rotation. These similarities are in line with the results of Wohlschlaeger and Wohlschlaeger (1998) and show the close relation between mental rotation and motor processes. Therefore, by analysing manual rotation in more detail it could be possible to gain a better understanding of the processes during mental rotation and the interindividual differences between participants. It would for example be interesting to measure the time from the onset of the stimulus presentation to the beginning of the rotation (as an indicator of the stimulus encoding process), the time of the manual rotation itself and the time from the end of the rotation to the motor response (indicating the comparison process).
This could provide information about the same processes in mental rotation.
The present experiments showed the effectiveness of manual rotation training but do not provide any evidence that the training effect is due to the manual component. The visualisation of the rotation process is also likely to have an effect, especially with respect to memory processes. Possibly, a mental rotation like process could contribute to the effectiveness of the training: It seems likely that subjects rotate the stimuli-at least partlyprevious to the manual rotation in order to find out the shorter direction of rotation. It would be of great interest to investigate the critical components of the training and their relative contributions to the effectiveness in further studies. This could be done by a comparison of different training groups like a mental rotation, a visualisation, and motor training group, which would additionally provide information about the differential effectiveness of specific training tasks.
Footnotes
1 Significance levels of all ANOVA results of Experiment 1 were corrected according to Greenhouse-Geisser to compensate for the non-sphericity of the data.
2 A short report of Experiment 2 is part of the conference paper Wiedenbauer and Jansen-Osmann (2005) .
3 Significance levels of all ANOVA results of Experiment 2 were corrected according to Greenhouse-Geisser to compensate for the non-sphericity of the data. 
Figure 2
Mean reaction times (line graph) and mean number of errors (columns) depending on the angular disparity in the VMRT (Experiment 1). Error bars indicate standard errors.
Figure 3
Stimuli and input device of the virtual manual rotation training.
Figure 4
RT difference for the experimental and the control group depending on the angular disparity 
